We observed the anisotropic superconducting-gap (SC-gap) structure of a slightly overdoped superconductor, Ba(Fe 1−x Co x ) 2 As 2 (x = 0.1), using three-dimensional (3D) angle-resolved photoemission spectroscopy. Two hole Fermi surfaces (FSs) observed at the Brillouin zone center and an inner electron FS at the zone corner showed a nearly isotropic SC gap in 3D momentum space. However, the outer electron FS showed an anisotropic SC gap with nodes state of the 122-type iron pnictides, the Ba 1−x K x Fe 2 As 2 system shows a fully opened SC gap and a nodal SC gap around optimally doped 4 and a hole-end KFe 2 As 2 , 5 respectively, observed by angle-resolved photoemission spectroscopy (ARPES). [6] [7] [8] [9] On the other hand, the BaFe 2 (As 1−x P x ) 2 system has nodes in the whole SC region. 10, 11 There are different ARPES
Iron pnictide superconductors 1 have the second-highest superconducting transition temperature (T c ) and a wide variety of superconducting (SC) states, particularly as SC-gap structure owing to multiple Fermi surfaces (FSs) and orbital characters. 2, 3 Focusing on the SC state of the 122-type iron pnictides, the Ba 1−x K x Fe 2 As 2 system shows a fully opened SC gap and a nodal SC gap around optimally doped 4 and a hole-end KFe 2 As 2 , 5 respectively, observed by angle-resolved photoemission spectroscopy (ARPES). [6] [7] [8] [9] On the other hand, the BaFe 2 (As 1−x P x ) 2 system has nodes in the whole SC region. 10, 11 There are different ARPES and the other around the longer axis of the ellipsoid-shaped electron FS despite the lack of node in the hole FSs. 13 The former can be explained by spin fluctuation alone, 14 while the latter requires an additional orbital fluctuation. 15 The Ba(Fe 1−x Co x ) 2 As 2 system shows an antiferromagnetic spin fluctuation in the whole of SC region. 16 The antiferromagnetic scattering vector Q AF is from a hole FS to an electron FS, 17 which is similar to those in other iron pnictides. Hence, spin fluctuation that induces a fully opened s ± -wave 18, 19 in this system has been proposed. On the other hand, both the softening of the C 66 mode 20 and the orbital-polarized electronic structure 21 suggest the presence of orbital fluctuation. It is therefore important to elucidate the effects of spin and orbital fluctuations on the electronic structure. With respect to the SC state, a fully opened SC gap has been observed in the underdoped region of x ≤ 0.075, 22, 23 although some experiments have shown evidence of nodal behavior. 24, 25 In the overdoped region of x > 0.075, on the other hand, a nodal SC gap with either nodes or gap minima on at least one FS has been suggested. [23] [24] [25] [26] To clarify the SC state of this unique system, it is necessary to elucidate the position of nodes in the overdoped region. In this system, only one ARPES study of the SCgap structure of optimally doped Ba(Fe 1−x Co x ) 2 As 2 has been reported, 27 while no ARPES studies of the SC gap or nodes of overdoped Ba(Fe 1−x Co x ) 2 As 2 have been reported. Since a three-dimensional (3D) SC-gap structure can be expected, it is important for ARPES in 3D momentum space using tunable incident photons.
In this Letter, we report our investigation of the 3D SC-gap structure of slightly overdoped Ba(Fe 1−x Co x ) 2 As 2 (x = 0.1), using synchrotron radiation ARPES. The two hole FSs obtained at the zone center and the inner electron FS obtained at the zone corner were found to have nearly isotropic SC gaps in 3D momentum space. In the outer electron FS, however, we observed an anisotropic SC gap with nodes or gap minima. The different anisotropies obtained the SC gap between the outer and inner electron FSs is not consistent with previous theories.
The 3D-ARPES experiments were performed on in-situ cleaved single crystals of slightly overdoped Ba(Fe 1−x Co x ) 2 As 2 (x = 0.1) with T c ∼ 22.5 K. The ARPES measurements were carried out at the SAMRAI end-station of the undulator beamline BL7U of UVSOR-III at the Institute for Molecular Science, using an MBS A-1 analyzer. 28 The energy resolution was about 5 meV for the SC-gap measurement and in-plane FS mapping, and about 10 meV for the band-dispersion mapping and out-of-plane FS mapping. The angular resolution was about 0.17
• . The Fermi level (E F ) was calibrated using an evaporated gold film. We now turn our attention to the SC-gap structure of the ellipsoid-shaped electron FSs at the zone corner. Figure 3(a) shows the in-plane FSs at hν = 14 eV around the A point [ Fig. 3(b) ]. There are two FSs similar to those in Fig. 1 , but the matrix element is different. Fig. 3(c) . At |θ| = 168.4
• on the shorter axis, the crossing point of the Tdependent spectra is located in the occupied states, thus suggesting the opening of the SC gap. At |θ| = 137.4
• , the crossing point shifts toward E F , and then, at |θ| = 97.5
• on the longer axis, the crossing point is exactly at E F , thus suggesting the closing of the SC gap. The Tdependent symmetrized ARPES spectra with various θ of the outer electron FS are shown in Fig. 3(d) . Around the shorter axis (|θ| = 180 • ), the spectra at T = 12 K (< T c ) have shoulder structures marked by arrows, indicating the opening of the SC gap. Toward the longer axis (|θ| = 90 • ), the energy of the shoulder decreases and finally vanishes at |θ| = 97.5
• . The symmetrized ARPES spectrum at |θ| = 92.3
• shows a small dip at about 3 meV, which may be caused by loop-like nodes, as will be discussed later. In the same manner, we show the T -dependent and symmetrized ARPES spectra at the inner electron FS in Figs. 3(e) and 3(f),
respectively. In contrast with those of the outer electron FS, the crossing point and SC-gap size of the inner FS are almost unchanged. A similar θ dependence of the SC gap is also observed at hν = 24 eV around the M point, as shown in Figs. 3(g) and 3 (h).
For a more detailed determination of the 3D SC-gap structure in the electron FSs, we investigate the electron FSs at the middle of the M and A points taken at hν = 19 eV, as shown in Fig. 3(b) . In the same manner as that for the A point, the T -dependent symmetrized ARPES spectra of the outer and inner electron FSs are shown in Figs. 3(i) and 3(j) , respectively. In contrast with the A and M points, the SC-gap size of both electron FSs are almost constant.
We summarize the θ dependences of the SC-gap sizes of the outer and inner electron FSs On the basis of the obtained 3D SC-gap structure, we now discuss the mechanism of the appearance of the superconductivity of this system. In the Ba(Fe 1−x Co x ) 2 As 2 system, both spin fluctuation 16 and the antiferromagnetic scattering vector Q AF between the hole and electron FSs 17 in the SC region have been reported. In the heavily overdoped non-SC region, there is no interband scattering owing to the absence of a hole FS. 30 These results imply that interband scattering between the hole and electron FSs is important for the appearance of superconductivity; that is, interband scattering seems to be more important for the appearance of superconductivity. Moreover, the softening of the C 66 mode 20 and the orbital-polarized electronic structure 21 According to the theory of the 3D SC gap of the BaFe 2 (As 1−x P x ) 2 system, if a d xy hole FS exists, the fully opened anisotropic SC gap on both electron FSs should appear owing to the spin fluctuation. 15 Actually, our recent polarization-dependent ARPES study of the Ba(Fe 1−x Co x ) 2 As 2 system suggests the existence of a d xy hole FS. 31 On the other hand, owing to orbital fluctuation, both electron FSs have a nearly isotropic SC gap. 15 If spin and orbital fluctuations compete, both electron FSs have an anisotropic nodal SC gap (with looplike nodes) depending on the degree of competition. 15 Our present ARPES results of the Ba(Fe 1−x Co x ) 2 As 2 system suggest different anisotropies between the outer and inner electron FSs around the M and A points, while the above theories predict the same anisotropy between both electron FSs. Since the different anisotropes obtained are considered to be related to the appearance of superconductivity, further theoretical and also experimental studies are needed.
In summary, we performed 3D-ARPES measurements of slightly overdoped Ba(Fe 1−x Co x ) 2 As 2 (x = 0.1) to clarify the 3D SC-gap structure. We observed that two hole
FSs and an inner electron FS have a nearly isotropic SC gap, and that the outer electron FS has an anisotropic SC gap with nodes or gap minima. These results provide a new insight into the appearance of the superconductivity of iron pnictide superconductors.
